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THE EFFECT OF THE SPACE ENVIRONMENT ON LUBRICANTS 
AND ROLLING ELEMENT BEARINGS 
by W. J. Anderson and D. C .  Glenn 
Lewis Research Center 
National Aeronautics and Space Administration 
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ABSTRACT 
The effects of spatial environmental factors such as the very low am- 
bient pressure and the absence of oxygen on lubrication are discussed. 
The low pressure causes liquids, and even solids, to boil away so that 
their vapor pressure and evaporation rates become important. Evapora- 
tion experiments with metals, liquids, greases and solid lubricants are 
discussed. Silicone oils and silicone based greases appear to have the 
lowest evaporative loss among the fluids investigated. Bearing experiments 
indicate that liquids and greases, when properly shielded, can provide 
longer bearing lives than bonded solid lubricants o r  metal platings. Silicone 
fluids yield the best bearing life, confirming the results of evaporation 
tests. Life results with bonded solid films a r e  generally poor. Results 
are considerably better when the solid lubricant is used as a constituent 
in a solid-composite material. Bearing reliability in space applications 
may be a problem because considerable life scatter is observed where a 
particular lubricant ny li&ri&infi t~rhniql_z~ is ~ v a l ~ a t e d  in m-~ltiplp 
tests. Life ratios of 10 were common. 
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INTRODUCTION 
The past decade has seen the advent of the age of space exploration 
and with it a multitude of lubrication problems associated with the oper- 
ation of mechanisms in  the spatial environment. The requirements that 
must be met by bearings operating in space are varied, and to think in 
te rms  of a single solution for the space bearing problem would be no 
more plausible than to t ry  to apply a single bearing and lubrication sys-  
tem to all terrestr ia l  applications. Indeed, bearings in spatial appli- 
cations will see a range of temperatures, speeds, loads, ambient pres- 
sures ,  gravity fields, radiation dose rates, vibration levels, ionized 
gases and other factors; hence, the "space lubrication problem" is 
really a multitude of problems which require many distinctly different 
solutions. 
In conducting research on lubrication in space, major attention 
must be paid to those environmental and operational factors which are 
markedly different from those on earth, and which a r e  most likely to 
have significant effects on the lubrication process. Important environ- 
mental factors include: (1) the ambient pressure, which may range to 
atmospheres; (2) radiation (solar, nuclear and cosmic); and 
(3) varying gravity (most probably near zero, but perhaps as high as 
o r  higher than on earth). Other factors, which may be important in 
some applications, include: (1) severe transient accelerations such as 
occur during launch, separation and reentry; (2) the presence of ionized 
and other abnormal gases, (3) particle impact in completely exposed 
systems, and (4) severe thermal conditions caused by poor heat transfer. 
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This review will be focused on the effects of low pressure and ra- 
diation, on lubricants and the lubrication of rolling bearings. Problems 
of environmental simulation and some of the more significant bearing 
experiments in vacuum are discussed. Space applications of fluid film 
bearings will not be discussed. Their use will be limited to completely 
sealed systems in which the primary problem appears to  be fluid film 
instabilities associated with zero gravity operation. 
DEFINITION OF THE SPACE ENVIRONMENT 
Low Pressure 
The most significant change from the terrestrial to the spatial en- 
vironment is pressure level. The absolute pressure outside the atmo- 
sphere may range down to 
pressures may be as low as 
function of altitude. The pressure drops to 
slightly greater than 200 kilometers, and to 10' to r r  at an altitude be- 
tween 600 and 800 kilometers (refs. l and 2). 
torr .  Farther out in interstellar space 
torr .  Figure 1 shows pressure as a 
to r r  at an altitude 
The immediate effect of very low pressures on lubrication is a 
marked increase in the evaporation rates of lubricants and materials. 
Dissociation of some materials may also take place. In a system com- 
plete!.; exposed t c  the bzrd 'r'$CUUI'I1, 8 mc!ecu!e !eavingthe gcrface wcu!c! 
have very little chance of ever returning because of the extremely low 
probability of collisions occurring. Therefore, the vapor pressure of 
a lubricant in both bulk and thin film form becomes of immediate impor- 
tance. 
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A second effect of low pressure, or the absence of a gaseous envi- 
ronment, is the increased difficulty in maintaining a satisfactory heat 
balance. Heat cannot be transferred convectively so that it must be 
transferred by conduction from the bearing to the mechanism and ulti- 
mately rejected to  space by radiation. Unless careful attention is paid 
in the design of a mechanism to provide adequate heat transfer paths, 
bearing temperatrues may become unnecessarily high. It is advanta- 
geous to maintain bearing temperatures as low as possible to reduce 
lubricant losses due to evaporation. 
Lack of Oxygen 
The maintenance of surface contaminating films such as oxides, 
which are so important to the prevention of surface welding and galling, 
is also jeopardized by the low pressure which implies a relative scar- 
city of reactive gases such as oxygen. The effect is twofold. The abra- 
sion of existing oxide coatings during sliding will produce wear debris 
and the lack of oxygen in the environment will prevent the reformation 
of the oxide film. Organic surface contaminants, on the other hand, 
will be lost by evaporation. One can envision the production of clean, 
nascent surfaces as a result of sliding in a hard vacuum with the ulti- 
------ matp c~nseqnence of surface weldling a-nd fa-ilure of the mechanism. 
The relation of oxygen pressure and the time required for the for- 
mation of a 1 angstrom thick film of FeO is shown in figure 2 (ref. 3). 
At an oxygen pressure of lo'' torr, a hypothetical 1 angstrom film is 
formed in only 1 minute. At torr ,  the time required for film 
a 
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formation approaches a year. This is approximately the total pres- 
sure at an altitude of 1200 kilometers (fig. 1). In addition the principal 
gaseous species present in  space at this altitude and beyond are atomic 
hydrogen and helium so  that the partial pressure of oxygen is negli- 
gible. The probability of reformation of an oxide coating is therefore 
nil. 
Radiation 
Several types of radiation, discussed fully in references 3 and 4, 
may occur i n  space. Organic oils, greases and polymeric materials 
can suffer damage from energetic atomic particles and short wave 
length radiation such as y- or  X-rays or ultraviolet radiation from the 
sun. A complete discussion of the mechanism of radiation damage, 
given i n  references 3 and 4, is beyond the scope of this paper. 
Suffice it to say that the levels of spatial radiation are not expected 
to tax the radiation stability of ordinary oils and greases. Reference 5 
discusses the radiation stability of a number of lubricants and a typical 
radiation dosage to be expected in a space vehicle. The yearly radia- 
tion dose on the surface of a vehicle in polar orbit at a 2300 mile alti- 
tude is 2x10 ergs per gram carbon while the dose inside Q 0.25 centi- 
~ e t e r  a!urr?inu~ skin is 6xlQ 6 ergs ~ e r  gra-m carbon. 
includes the Van Allen belt, and solar and cosmic radiation. 
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This radiation 
Radiation dosages required for threshold damage for several lubri- 
cating materials are shown in table I. The.vahes shown are for static irra- 
diation in  air, All  of the lubricating oils would be unaffected by several years 
4 
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exposure at the shielded space vehicle dose rate hypothesized above. Only 
the PTFE appears to be marginal, but many materials, PTFE included, 
have markedly better radiation resistance in the absence of oxygen than 
they do in air. The oxygen free spatial environment should therefore 
be of some benefit in this instance. 
SIMULATION OF THE SPACE ENVIRONMENT 
Open Systems 
Duplication of the space-vacuum environment in a ground-based 
space chamber is impossible. Environmental factors such as gravity, 
meteorites, electromagnetic radiation, molecular types, molecular 
energy and many others cannot be duplicated. The validity of an ex- 
periment, however, does not hinge upon complete duplication, but on 
simulation of the environmental factors which are critical to that par- 
ticular experiment. Surface contaminants have a profound effect on 
lubrication so care must be taken to eliminate all sources of contami- 
nation if  a system which is open to space is being simulated. The space 
vacuum is characterized by an absence of oxygen which plays an im- 
portant role in friction even i f  present in only minute quantities. Mo- 
lecular incidence rates are such that, at tor r  and 25' C, a mono- 
layer of air will form in 2 seconds, assuming that all molecules ad- 
here, figure 2 (ref, 6). If the partial pressure of oxygen were low6 to r r  
then an oxide layer might very well form in seconds. At 10'' to r r  the 
time for formation of a monolayer of air would approach 33 minutes. 
Pressure  levels for critical friction experiments must be low enough to  
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prevent reformation of surface oxides during the experiment. Oxygen 
partial pressure levels of 10’’ or 10-l’ t o r r  would be desirable. 
Other sources of contamination are the pumping system, and all 
the surfaces within the chamber. There is no perfect pumping system. 
Back migration of diffusion pump oil is a common problem with that 
type of pump. The authors of reference 7 were unable to find an ef- 
fective cold t rap and baffle system. Sputter ion pumps do not have the 
back migration problem but do have other problems. Although sputter 
ion pumps do not employ any fluids in their operation, hydrocarbons can 
be produced by the reaction of carbon and hydrogen bearing gases such 
as carbon-dioxide and water vapor (ref. 6). Their presence in the test 
chamber would probably be negligible, however, as long as the ion pump 
is not turned off. An oil diffusion pump of a given size is considerably 
less costly than an ion pump of similar capacity, but the need for com- 
plex cold traps and baffles may make it necessary to use a much larger 
diffusion pump. Although there exists a controversy about the relative 
utility of diffusion and ion pumps for  vacuum systems in which lubri- 
cation experiments are being conducted, the use of ion pumps, where 
economically feasible, is probably advantageous. The results from con- 
taminated experiments might be worthless and the cost saving false. 
Provision for ample cryopumping should always be included. Surfaces 
at liquid nitrogen temperatures a re  effective in pumping most gases, 
and surfaces at liquid helium temperature even more so. 
To realize the importance of surface cleanliness in a vacuum 
chamber, one need only calculate the ratio of the number of molecules 
8 
on the surface to those in the volume. For a monolayer of air at 250' C 
there are 2 . 4 ~ 1 0 ~ '  molecules on the surface of a 20. 5 centimeter di- 
ameter sphere, and 4. 8X1Ol1 molecules in the volume at 10'' to r r  
pressure (ref. 6). Thus, there may be 500 000 times as many mole- 
cules on the surface as in the volume. The importance of prior bake- 
out and surface cleaning after pumpdown by electron or  ion bombard- 
ment is readily apparent i f  a really clean vacuum system is to be ob- 
tained. This addition of energy to the molecules on the surface to 
drive them off simulates the action of high energy protons and elec- 
trons in space. 
To simulate the evaporative losses in a system open to space two 
things must be provided: (1) a sufficiently low pressure so that the 
mean-free molecular path is large compared with the dimensions of 
the chamber (molecular flow conditions prevail), and (2) condensing 
surfaces which collect and retain molecules leaving the surface of the 
experiment. For all but the largest vacuum chambers, a pressure of 
t o r r  is sufficient for evaporation simulation. At this pressure, 
molecular flow conditions will exist in a system whose mean dimen- 
sion is as great as 250 centimeters. Cryopumping surfaces are de- 
sirable and perhaps even mandatory for preventing back reflection of 
molecules, especially in experiments employing liquid lubricants. 
Shielded Systems 
In many devices on space vehicles, bearings may not be com- 
pletely exposed to the hard vacuum. Pumping paths may be restricted 
. 
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by mechanism parts that shield the bearings so that they operate in an 
environment which is at a pressure considerably above that surrounding 
the vehicle. The most straightforward approach would be to conduct 
experiments with the entire vehicle, but this might be either imprac- 
tical o r  impossible. 
Simulation of the actual conditions the bearing will see can be 
accomplished if the vehicle design is known. The total area of the 
openings can be likened to an orifice of equivalent area. The loss 
rate for molecular flow through the orifice can be simulated by 
choosing a pump of the proper size (ref. 8). Table I1 illustrates loss 
rates for air flowing through orifices of various radii. The authors 
of reference 9 used a 1 liter per second ion pump to simulate the loss 
of volatile matter from a bearing in a shielded system. 
EFFECT OF THE SPACE ENVIRONMENT ON LUBRICANTS 
Evaporation of Metals and Solid Films 
Metals. - The Langmuir equation has been widely used to calcu- 
late the rate of evaporation as a function of temperature for various 
materials. The rate of evaporation G in (g)/(sq cm)(sec) is given as 
where P is the vapor pressure in torr, M the molecular weight and 
T the temperature in  degrees Kelvin. The Langmuir equation as- 
sumes no back reflection of atoms. The vapor pressure can be ex- 
pressed in te rms  of the heat of vaporization, L, the gas constant, R, 
and the temperature, T, as 
. 
10 
-L/RT P =  Ce 
The ratio P / f l  increases rapidly with increasing temperature so 
that the rate of evaporation will always increase with temperature. 
The Langmuir equation has been used to calculate the evaporation 
rates for various metals at different temperatures. 
The evaporation rates fo r  most metals a r e  negligible at ordinary 
temperatures, but they may become significant at elevated tempera- 
tures,  expecially for  some of the softer metals which a r e  of interest 
as low friction coatings. Buckley, et al., (refs. 7 and 10) conducted 
careful short time evaporation studies with a number of metals over 
a wide temperature range at lom6 torr. Extrapolation of Buckley's 
data for metals of interest as low friction coatings a r e  shown in fig- 
ure 3.  Extrapolation of short time evaporation data for  pure metals 
is probably valid because they are generally linear with time. The 
data for cadmium and indium were compared with calculated evapo- 
ration rates obtained from the Langmuir equations using known vapor 
pressures.  The agreement is good. 
Buckley's data indicate that vaporization losses a r e  negligible at 
room temperature, but at moderately elevated temperatures they can 
become significant. For example, at 200' C indium and silver ex- 
hibit losses due to vaporization of 0.02 to 0.025 centimeter per year. 
These a r e  certainly not insignificant but, by comparison, the loss of 
cadmium at this temperature would be catastrophic (about 10 cm/year). 
In contrast to cadmium, gallium exhibits extremely low evaporation 
11 
~ 
I rates at temperatures as high as 400' C, and offers much promise as 
a lubricant for hard vacuum applications. The data obtained by 
Buckley shown in figure 3 were obtained with clean metals. The pres- 
ence of a surface oxide coating may significantly affect the evapora- 
tion rate of a metal (ref. 11). 
Solid lubricants. - The loss rates of solid lubricants in vacuum 
are generally considerably lower than those for  liquid lubricants. 
Typical solid lubricants whose frictional characteristics appear to in- 
dicate potential usefulness in vacuum are molybdenum disulfide, 
tungsten disulfide and PTFE. Graphite does not appear to be a candi- 
date for hard vacuum applications because it does not function in the 
absence of oxide coatings or adsorbed water vapor. 
Phenomena governing the loss rate of solid lubricants, such as 
MoS2, are very likely more complex than vapor pressure since the 
lubricants themselves are compounds and since various bonding agents 
may be used. Decomposition to the elements or  to simpler compounds 
may take place (ref. 4). MoS2 may decompose to metallic molyb- 
denum and gaseous sulfur. Loss rates by reactions of this type can 
be calculated from the equilibrium constant for the reaction. In the 
case of solid lubricant coatings containing a binder, the relation con- 
trolling loss rates are even more complex so that extrapolation of 
short time experimental data may not be valid. Buckley (ref. 7) has 
shown that loss rates of several inorganic solid lubricants (e, g . ,  
MoS2, WS2, CaF2, BaF2) are quite low at temperatures to 176' C. 
Buckley also measured loss rates for 0.0025 centimeter thick 
. 
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molybdenum disulfide bonded coatings (ref. 7). Loss rates were quite 
low over a wide temperature range for ceramic, metal matrix, sili- 
cone resin and phenolic-epoxy bonded coatings. Changes in loss 
rates with temperature were not uniform due to differing temperature 
dependence on the loss rates for the MoS2 and the 
Evaporation of Liquids 
Bulk liquids. - Most liquid lubricants may be 
various binders. 
unsuitable for  long 
time exposure to hard vacuum because of their high vapor pressures. 
An additional problem with petroleum oils is that they a r e  composed 
of molecules having a wide range of molecular weights and structures. 
This makes the use of the Langmuir equation for predicting evapora- 
tion rates  invalid unless the distribution of molecular weights is 
known. The lower molecular weight fractions are more volatile and 
would evaporate more quickly. Thus, the rate of evaporation would 
decrease with time, so that data from short time evaporation tests 
cannot be extrapolated to predict long-time losses. Evaporation 
would be accompanied by a gradual increase in both viscosity and pour 
point. This could be important in  applications where bearing torque 
is critical. Where petroleum oils or  compounded synthetic oils con- 
taining additives are being considered, the effects of prior distillation 
on evaporation rate must be considered. 
A number of studies have been made of evaporation rates of oils 
and greases,  Data for several classes of liquid lubricants are re- 
ported in reference 12. Figure 4 shows results. obtained at tor r  
. 
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and 60' to 71' C for  some of the more promising liquids. Although 
six lubricant samples were evaporated simultaneously in  a single 
chamber, close positioning of cryosurfaces to the lubricant samples 
probably minimized cross contamination. 
The data of figure 4 are presented as cumulative weight loss as 
as function of time. More precisely, evaporation data should be 
presented as weight loss per unit area per unit time as a function of 
temperature. The data-of figure 4 presupposes the use of constant 
surface areas exposed to evaporation for  all samples, and close tem- 
perature control. These data, as well  as grease evaporation data 
later on, a r e  presented for the sole purpose of making qualitative 
comparisons. They should not be extrapolated to longer times o r  
different temperatures, nor should the reader attempt to make quan- 
titative translations of the data to  a specific application. 
As a class, the silicones suffered the least weight loss with time, 
Among the silicones the least evaporation occurred with the straight 
chain dimethylpolysiloxane. The best petroleum oil was a bright 
stock. Note in figure 4 the marked changes in  evaporation rate (indi- 
cated by the slope of the curve) with time for the petroleum oils. 
This is an indication of the wide range of molecular constituents in 
these oils, In contrast the synthetics exhibit almost constant rates of 
evaporation. Oils with a wide range of molecular constituents would 
be likely to exhibit the greatest changes in viscosity. In reference 12 
it was found that an aromatic petroleum oil increased more than 
100 percent in viscosity. In contrast the synthetics did not increase 
7 
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1 in viscosity more than 42 percent. 
I Liquid monolayers. - The evaporation characteristics of bulk 
liquids appear to limit their usefulness in long life bearing applica- 
tions in hard vacuum. However, it is well established that friction of 
surfaces with only a monolayer of lubricant present is comparable to 
that with much thicker lubricant films. Vapor pressure alone would 
not provide an accurate or  even useful tool for predicting the evapora- 
tion rate of the last monolayer on a surface because of the presence 
of additional attractive forces between a very thin lubricant film and a 
solid surface. This is especially true for polar compounds, but it 
also applies to nonpolar compounds. Therefore, the prediction of 
liquid lubricant life on the basis of vapor pressure is likely to be con- 
servative. 
Gisser and Sodjian (ref. 13) studied the evaporation of nonpolar 
hydrocarbon monolayers from steel surfaces by measuring coefficients 
of friction after exposing the surfaces to various pressures. They 
found that monolayers remained intact at pressures considerably be- 
low the vapor pressures of the fluids. As an example, monolayers of 
- 2  v-dodecylamine (vapor pressure = 2 . l X l O  to r r  at 
present (as indicated by an unchanged coefficient of 
posure to pressures in  the region of lo-" torr .  
b 
25' C) were still 
friction) after ex- 
Greases, - Grease evaporation test were conducted in references 
12 and 14. In reference 14 it was found that the evaporation rate of a 
chlorophenyl oil-lithium soap grease agreed very well with that of the 
base oil over a range of temperatures. One would expect this to be 
, 
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true as long as the oil completely wets the exposed surface of the 
grease. These data are shown in figure 5. In reference 12 a 7 milli- 
meter bore ball bearing lubricated by a 20 percent charge of the test 
grease and rotating at 60 rpm was used as the test specimen. The 
bearing was placed close to a cryogenic condensing plate to minimize 
back reflection. Some of these results a r e  shown in figure 6. The 
best results were obtained with a highly aromatic petroleum oil with 
an indanthrene dyestuff thickener. Silicone base greases also gave 
good results. The ester  base grease was poorest, exhibiting a weight 
loss some 25 times greater than the best grease. Loss of weight in 
greases results f rom evaporation of the fluid constituent so that a 
gradual thickening of the grease occurs. A typical grease becomes 
unserviceable when 40 to 60 percent of the oil is lost. 
Grease tests at somewhat higher rotative speed and temperature 
were also reported in reference 12. Figure 7 illustrates data ob- 
tained at 1800 rpm and 121' C. Four of the six greases evaluated at 
the lower speed and temperature (fig. 6) are also shown in figure 7, 
but the order of results is quite different. The silicone greases were 
significantly better than the aromatic petroleum at 121' C. The data 
of figures 6 and 7 indicate the extreme importance of accurately simu- 
lating system conditions, and the dangers inherent in extrapolating 
data. The evaporation rate for a grease would be fairly linear as 
long as an ample quantity of fluid remains within the grease. As it 
becomes depleted of oil, however, the evaporation rate would probably 
decrease. In addition the viscosity and vapor pressure characteristics 
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of lubricating oils change rapidly with temperature. Therefore, a 
valid prediction of the performance of an oil in vacuum demands an 
accurate simulation of both temperature and pressure. 
EFFECT OF THE SPACE ENVIRONMENT ON BEARING SYSTEMS 
Lubrication Techniques 
Based on experimental evidence gained to date, liquid lubricants 
appear to be more effective in hard vacuum applications than solid 
lubricants used in their various forms (self lubricating materials such 
as PTFE, o r  precious metal platings). The loss of liquids through 
evaporation, however, limits the usefulness of many standard liquid 
lubricants in hard vacuum applications. Shields o r  seals can and have 
been used to reduce evaporative losses, but the increased bearing 
torque and drive power requirements that result may not be tolerable. 
The use of low vapor pressure lubricants has proved effective, but 
they generally have high viscosities which may result in excessive 
bearing torques at low temperatures. 
Solid lubricants used as coatings can provide effective lubrica- 
tion but problems with debris cause havoc with reliability, especially 
in small, instrument size bearings which are extremely sensitive to 
the most minute wear debris. The effectiveness of a coating is limited 
by the availability of the solid lubricant. When the coating is worn 
through, the effectiveness ceases. Therefore, attempts have been 
made to  utilize solid lubricants in composite materials containing a 
solid lubricant and a binder material and sometimes additional self 
lubricating materials as well. 
I 
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Experimental Results with Dry Bearings 
Metal films. - One of the first bearing applications in hard vacuum 
was in rotating anode X-ray tubes. An instrument size bearing was 
required to rotate at fairly high speeds to support the rotating anode 
within the tube itself. Early work on this problem revealed that gold 
and silver platings fractions of a micron thick on the bearing parts 
provided adequate surface protection and lubrication so that reason- 
ably satisfactory bearing life was achieved (ref. 12). 
In reference 15 some 14 different metallic platings were evaluated 
as lubricants in the form of thin films in small high speed bearings 
for rotating anode X-ray tubes. Most successful of these platings was 
barium applied to  bearings made of a high speed tool steel. Other 
ball materials used included SAE 52 100 steel (a high carbon chromium 
steel) an 18 percent chromium stainless steel, and a 75 percent co- 
balt, 25 percent tungsten carbide. However, the barium plating was 
not as effective on any of these materials as it was on the high speed 
tool steel. 
It is interesting to note that the application of bearings to  rotating 
anode X-ray tubes is one of the few vacuum applications involving an 
elevated temperature. With the X-ray load present, bearing tem- 
peratures may reach 600' C; under these conditions, the barium film 
life was found to be 50 to 100 hours. 
Additional studies with thin metal platings (0.0007 mm) were re- 
ported in references 16 and 17, All of these studies were done with 
3.17 millimeters bore bearings (R-2 size) operating at 10 000 rpm 
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under a few grams load. The vacuum was maintained by an ion pump 
in the loe7 tor r  range. In reference 16, it is reported that 17 pairs 
of bearings exhibited lives in excess of 500 hours. Gold platings were 
found to be most effective. Pure gold platings were less effective than 
gold platings containing additives of nickel, tin and cobalt, presum- 
ably because of better adherence of the latter. 
In reference 17, s ix  different combinations of race and ball plating 
were investigated. The best combination was found to be gold plated 
balls, silver plated races and a silver plated metallic retainer. Maxi- 
mum life obtained was 2404 hours. The disconcerting feature of this 
work, and also of much of the other bearing work done in  vacuum is 
the extreme scatter in bearing life. In the work reported in refer- 
ence 17, bearing lives varied from 4 1  to 2404 hours with the same 
lubrication technique. Bearing failure was generally precipitated by 
minute flaking of the platings. This lead to an internal jam-up and 
complete failure of the bearing. As stated above, one of the obvious 
disadvantages of working with such small bearings is their extreme 
sensitivity to even the most minute debris. 
Buckley conducted friction and wear tests (ref. 10) with gallium 
rich films. Gallium offers much promise as a lubricant in space ap- 
plications because of its low vapor pressure and wide liquidus range. 
Bearing experiments with a 60 percent gallium, 20 percent indium and 
20 percent tin alloy impregnated into porous bronze retainers, or  as 
a rubbed-on film in full complement bearings have been conducted by 
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the authors. Results, as indicated by bearing torque, were farily 
promising. For the 20 millimeter bore bearings run at 3550 rpm, 
23 kilograms load at torr ,  torque values were approximately 
0.007 Newtdn meters for the bearing with the retainer, and 0.004 
Newton meters for the full complement bearing. These torques cor- 
respond to coefficients of friction (referred to the bearing bore) of ap- 
proximately 0.002 to 0.003 which compare favorably with a typical 
value of 0.0015 for an oil lubricated bearing. 
Inorganic dry films and PTFE. - Instrument size R-3 bearings 
(4 .76 mm bore diameter) were evaluated at 8000 rpm in reference 18. 
Bearings were run in pairs as rotor support bearings in small motors 
placed within the vacuum chamber. Table 111 shows a tabulation of 
results in  an ion pumped system with a metal matrix bonded MoS2 
coating and a sodium silicate bonded MoSZ coating. It is quite evident 
that a considerable scatter in bearing life results with the small 
bearing specimens. The use of a teflon retainer in conjunction with 
the si lver matrix-MoS2 coating on the races and balls improved life 
considerably. 
Additional work in reference 18 with reinforced teflon retainers 
resulted in bearing lives considerably better than those with the inor- 
ganic dry film lubricants. Three tests were run in vacuum for 10 771, 
11 248 and 12 636 hours, respectively. The bearings were generally 
still operable, but the retainer ball pockets were badly worn. Based 
on these very limited data system reliability might be improved with 
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such a lubrication technique, but further work is needed in this area.  
Somewhat similar results with dry film lubricants a r e  reported 
in reference 9. These are shown on table N. Four different bonded 
MoS2 coatings, a solid MoS2 composite retainer and a dioctyl phthalate 
oil as a reference were evaluated in 20 millimeter bore bearings at 
1800 rpm. The four bonded coatings exhibited rather short lives when 
compared with the oil. The results with the epoxy bonded MoS2 solid 
composite retainer were excellent, however. It performed very well 
for over 900 million revolutions (8300 hr) whereas the bonded films 
failed in as little as 1 million revolutions (9 hr). 
These results suggest strongly that techniques must be developed 
for making additional solid lubricant available over and above that 
contained within the coating. Devine, et a l . ,  (ref. 19) have done work 
in  this area, The technique used by Devine (discussed fully in  ref. 2) 
consists of supplying reservoirs of the solid lubricant at critical lo- 
cations such as at the retainer locating surface and in  the ball pockets. 
This is done by means of punched indentations or  machined slots in 
the surface to be coated. These a re  then filled with the solid lubri- 
cant. Significant increases in bearing life in air have been obtained 
using the reservoir technique. 
An alternative approach to improving the availability of solid lu- 
bricant is to  develop composite materials containing the solid lubri- 
cant. 
epoxy - MoS2 material evaluated in reference 9 (table IV). 
(ref. 20) had done considerable work on composites for  use as both 
The retainer is then machined from the composite, such as the 
Bowen 
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bearing retainers and gears. The materials used by Bowen were 
compacted of a metal (Cu or Ag), PTFE and WSe2. These were used 
as retainers in 305 size (25 mm bore diameter) bearings in low speed 
tests (35 to 50 rpm) at radial loads of 34 to 133 kilograms. Ambient 
pressures were in the loe8 torr range. Each test assembly con- 
tained eight bearings and a number of gears which were run for 
100 hours, after which their condition was carefully checked. 
Results with the two composites are shown in table V. Both the 
60 percent copper, 30 percent PTFE, 10 percent tungsten-diselenide 
and the 70 percent silver, 20 percent PTFE and 10 percent tungsten- 
diselenide materials performed well. Two sets of eight bearings, one 
with the copper composite retainers and one with the silver composite 
retainers, were operated for 200 hours (two test cycles) with very 
nominal retainer wear and negligible ball and race wear. Wear was 
somewhat lower with the copper composite. 
These materials offer considerable promise for nominal speed 
applications in vacuum, but their potential in higher speed applications 
had yet to be determined. One of the problems inherent in  compacted 
materials is their lack of tensile strength. Improved strength can be 
obtained by altering the composition, but usually at the expense of 
lubricating ability. 
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Optimum lubrication, necessary where torque requirements are 
critical, can be obtained with burnished MoS2 films. Such films ap- 
plied to bearings with porous bronze, cast bronze and nickel alloy 
retainers have been evaluated by the authors in 20 millimeter bore 
bearings at 3550 rpm in ion pumped systems at 10-l' torr .  Bearing 
coefficients of friction (referred to the bearing bore) were less than 
0.0003 in tests of approximately 30 hours duration. Coefficients of 
friction this low are difficult to obtain, even with optimum thin film 
oil lubrication. Life tests have not as yet been conducted with bearings 
lubricated with burnished MoS2 films. 
Oil and Grease Lubricated Bearings 
The advantages of shielding to  reduce evaporative losses of liq- 
uids or greases is physically obvious. The results of experiments 
with R-4, 6.35 millimeter bore diameter bearings, either with the 
bearing completely open to the vacuum chamber, o r  with a single 
shield, are shown in figure 8. The weight loss of grease in the open 
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bearing is approximately 25 percent greater than with the single 
shield. While this increase appears to be rather nominal it represents 
a much larger percentage loss of the original oil content of the grease. 
The author of reference 12 states that a loss of 40 to 60 percent of the 
oil from a grease renders it unsatisfactory for ball bearing lubri- 
cation. 
A broad scope investigation of a large number of liquids and 
greases, as well as the dry film lubricants discussed earlier,  is r e -  
ported in reference 18. This has been a continuing program over a 
number of years, the most recent results being reported in  refer- 
ence 18. Earlier results were reported in reference 5. The wide 
scope of lubricants investigated in  this program provides a means 
for qualitatively comparing the performance of dry lubricants, liq- 
uids and greases under reasonably constant conditions. The data are 
presented solely for this purpose. In most of the experiments, pres- 
sure  levels were on the order of t o r r  although in some experi- 
ments they ranged to 10' torr .  The majority of experiments were 
conducted with an oil diffusion pump system, although some were 
conducted utilizing an ion pump system. 
The more significant results obtained with the better oil lubri- 
cants a r e  shown in table VI. Lives ranging upwards to more than 
33 000 hours were obtained with the better fluids. In general, the 
best results were obtained with silicone oils of various compositions. 
Bearing temperatures in these experiments were rather nominal, 
being only a few degrees above room temperature. Retainers used 
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were generally machined from cotton-phenolic laminates. The re-  
tainers were impregnated with oil  prior to test. The average oil con- 
tent of these bearings was on the order of about 50 milligrams al- 
though, for the fluorosilicone oil, it was as much as 81 milligrams. 
Also reported in reference 18 are  the results of a number of ex- 
periments with greases of various types. The grease lubricated 
bearings were also double shielded to contain the grease, but were 
fitted with ribbon retainers rather than the cloth-phenolic machined 
retainers. Some of the more significant results with greases a r e  
shown in table VII. A grease composed of a silicone oil, an organic 
thickner, and a solid lubricant produced the best results. That par- 
ticular experiment was still running after 33 100 hours. A number 
of other greases provided lives without failure in excess of 20 000 hours. 
From the results shown on tables VI and VII it is apparent that 
quite good results can be obtained in shielded bearings with relatively 
low vapor pressure oils and greases. Of the various classes of lubri- 
cants investigated, the silicone oils appear to give the best results, 
Comparison of the results tabulated in tables 111, VI and VI1 in- 
dicates that bearing life with the best oils and greases exceeds that 
with dry film lubricants. In contrast to lives of 20 000 to 33 000 hours 
with the best oils and greases, bearing life with the best inorganic 
dry film was on the order of 2500 hours. The use of PTFE provided 
bearing lives on the order of 10 000 hours. The advantages of uti- 
lizing dry film lubricants in  vacuum (cleanliness and freedom from 
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condensed oil vapors on critical surfaces) a r e  sufficient to warrant 
further development of techniques for utilizing them. Too little at- 
tention has been paid to bearing design. The absence of the type of 
cooling obtained with recirculating oil lubrication makes it manda- 
tory to provide greater than normal internal clearances to allow for 
internal expansions, and to provide for adequate heat flow paths from 
the inner race to avoid total loss of bearing clearance. The use of 
composite retainer materials, together with proper bearing design 
should result in much longer bearing lives with dry film lubricants. 
The results reported in  reference 18 agree quite well with earlier 
work reported in references 21 and 22. In reference 21 Corridan 
conducted experiments with the same bearings at about the same 
pressure level (lom6 torr), at a somewhat higher rotative speed of 
11 500 rpm, and temperatures in  the region of 160' C. Again the 
bearings were double shielded, but they operated under somewhat 
heavier loads (from 227 to 425 g). Lubricants investigated included 
silicone and diester fluids as well as silicone and high vacuum 
greases. As  in reference 10, the best results were obtained with the 
silicone fluids and the silicone base greases. 
Freudenlich and Hannan conducted tests utilizing even smaller 
bearings (3.18 mm bore diameter) in about the same temperature 
range as the work reported in reference 10, but at a lower 
speed (4000 rpm). Tests were conducted for a period of 1000 hours 
or until failure occurred. The oil or  grease charge was approximately 
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15 to  20 milligrams. Many of the tests operated for the full 1000 hour 
life. Best results were obtained with a chlorinated silicone and a 
silicone grease. 
Some observations made by the authors of references 18, 21, and 22 
on the results with shielded bearings are worth noting. Where re- 
peated tests are run there always exists some life scatter with the 
same lubrication technique due to the extreme sensitivity of the very 
small bearings to minute wear debris. Failures have usually been 
caused by partial or  complete loss of lubricant, which results in  
wear and the formation of fine wear particles, principally from the 
retainer. Although one might expect that the principal mechanism 
of lubricants loss would be evaporation, it is also a possibility that 
creepage is partially responsible fo r  lubricant loss. This is espe- 
cially true in  light of the fact, as stated in reference 18, that no 
general correlation was found between vapor pressure and lifetime. 
The silicone oils, which are generally regarded as being most prone 
to creep, have, however, given excellent results. Failures with 
greases were generally characterized by loss of fluid from the grease 
resulting in a hard residue. In one particular experiment in refer- 
ence 18 the bearing failed and was found to be clogged with a dry 
sandy residue. In this particular experiment, the bearings had been 
exposed to a dose of gamma radiation equal to about 1.7X10 Roentgens. 7 
Although the author of reference 18 states that the results ob- 
tained in  oil diffusion pump systems and ion pump systems did not 
seem to be appreciably different, some of the lubrication techniques 
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which were evaluated in both systems appeared to  give better lives in 
the diffusion pump systems. Possible contamination from diffusion 
pumps would be much more critical in bearings lubricated by metal 
and inorganic dry film lubricants than in oil or grease lubricated 
bearings. The dry film lubricated bearing tests from reference 18, 
reported in table 111, were all conducted in  an ion pumped system. 
The majority of the oil and grease lubricated bearing tests from 
reference 18, reported in tables VI and VII, were run in an oil dif-  
fusion pumped system. 
The great majority of the bearing experiments in vacuum have 
been conducted with instrument bearings at nominal loads or  with 
larger bearings (20 to 25 mm bore diameter) at either very light 
loads or  low rotative speeds. Very little work has been done where 
even reasonably severe conditions of load and speed exist simulta- 
neously. This is probably justified since it will not be necessary to 
contend with severe loads and speeds in many space applications. 
Such applications will occur, however, so some work is being done 
in  this area. 
In reference 23 four liquid lubricants (a polyphenyl ether, a 
polysiloxane, a sebacate and a high viscosity mineral oil) were eval- 
uated as impregnants in cotton-cloth phenolic retainers of 20- 
millimeters bore ball bearings. Bearings were run at 3550 rpm under 
axial loads of 2270 to 4540 grams at 
torque exceeded 0.141 Newton-meters. It was found that, under 
these conditions of load and speed, the lubrication technique was 
tor r  for 1 hour o r  until the 
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inadequate. The cotton-cloth phenolic material was unable to feed the 
lubricant fast enough to wet the bearing surfaces. Varying the weave 
of cloth in the retainer produced no significant improvements in  
bearing torque with the mineral oil, which was the best of the four 
oils evaluated. These results are in sharp contrast to those ob- 
tained with liquid lubricant impregnated retainers in reference 18 
under more nominal test conditions, and may indicate that severe 
lubrication problems exist in bearings required to operate at signifi- 
cant loads and speeds in vaeuum. 
Space Applications 
An interesting application of oil lubrication utilizing high re- 
sistance flow paths between the bearing and space was used in the 
TIROS 11 meteorological satellite (ref. 24). An infrared radiometer 
contained eight instrument ball bearings operating at 2750 rpm. The 
bearings were lubricated by a diester oil (vapor pressure, torr)  
initially impregnated into two porous nylon reservoirs in  each bearing 
cavity. Small clearances around the shaft (0.012 mm) minimized 
the flow of oil molecules into space. The radiometer operated 
several  thousand hours in orbit without any apparent bearing dif- 
2: -.-lLf _ _  
1 1 L u l L l e J .  
A summary of the approaches to lubrication problems on the 
Ranger, Mariner and Surveyor spacecraft is shown in table VI11 
(ref. 25). Bearing systems operated up to the maximum of 109 days 
required fo r  the Mariner voyage to Venus. The general approach was 
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t.0 use oils and greases with low evaporation rates or dry film lubri- 
cants where loads and speeds required them. In long exposure ap- 
plication bearings and gears were sealed where possible. PTFE 
(teflon) or  reinforced teflon bearings were utilized where speeds and 
loads were low. Silicone oils were widely used in  shielded bearings. 
SUMMARY 
The lubrication of relatively moving surfaces in a spatial envi- 
ronment is complicated by the presence of a very low ambient pres- 
sure,  radiation (spatial and nuclear) and the absence of a gravita- 
tional field. The low pressure causes liquids, and even solids, to 
boil away so that their vapor pressure and evaporation rates become 
important. Evaporation rates for metals at ordinary temperatures 
a r e  insignificant, but some of the softer metals of interest as low 
friction coatings (such as cadmium and indium) exhibit significant 
evaporative losses at elevated temperatures. Gallium exhibits ex- 
tremely low evaporation rates over a wide temperature range and 
has potential as a lubricant. The Langmuir equation can be used with 
calculated vapor pressures to predict the evaporation rates of metals 
and fluids (of known molecular weights) with good accuracy. 
As a class; silicone fluids showed the lowest evaporation rates. 
Evaporation rates for a chlorophenyl silicone grease agreed with 
those for the fluid indicating that the evaporation properties of the 
oil are important in determining grease behavior. Comparative 
evaporation rates of different greases obtained from bearing tests 
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varied with rotative speed and temperature. This indicates that ex- 
act simulation of system conditions is important i f  grease performance 
is to be properly assessed. Silicone base greases appear promising. 
Experimental studies of lubricant monolayers indicate that they 
remain intact on solid surfaces at pressures considerably below their 
vapor pressures. Bulk fluid evaporation studies are, therefore, 
probably conservative and more work needs to be done on the evapo- 
ration of thin films. On the basis of evaporation loss rates, solid 
lubricants such as MoS2 appear to be promising for  vacuum appli- 
cations. 
The validity of an experiment in vacuum depends on simulation 
of the critical environmental factors. Surface contaminants have a 
profound effect on lubrication, so all sources of contamination must 
be eliminated. For this reason, ion pumps are preferred over oil 
diffusion pumps, with supplemental pumping by cryosurfaces to pre- 
vent back reflection of molecules. In critical friction experiments, 
the partial pressure of oxygen must be kept low enough so that re- 
formation of surface oxides cannot occur during the experiment. In 
evaporation experiments it is sufficient to provide a pressure level 
low enough so  that the mean-free path (molecular) is large compared 
with the chamber dimensions, together with condensing surfaces which 
t rap  molecules leaving the surface of the experiment. 
Liquid and grease lubricants provide longer bearing lives than 
do solid lubricants in  instrument size, lightly loaded bearings. Among 
the more promising liquids, the silicones appear to be best. This 
I result agrees 
(life ratios of 
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with evaporation data. A wide scatter in  bearing life 
10 were common) results when a particular lubricant 
is evaluated in  multiple tests. This indicates that reliability may be 
a problem and that small bearings are probably a poor choice of test 
specimen because of their extreme sensitivity to even the most minute 
debris. In larger bearings at higher loads, liquid lubricants im- 
pregnated into cloth-phenolic retainers were found to provide mar- 
ginal lubrication under the particular conditions studied. 
Life results with bonded solid lubricant coatings were consider- 
ably poorer than those with liquid lubricants. Solid lubricants offer 
more promise when used as constituents in composite materials, al- 
though work needs to be done to  improve the tenslle strength of com- 
posites for high speed applications. More attention needs to be paid 
to bearing design to account for the absence of lubricant cooling and 
the poor heat transfer which prevails in vacuum. 
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TABLE I. - RADIATION DOSAGE 
REQUIRED FOR THRESHOLD 
DAMAGE (REF. 5) 
[Static irradiation in air. 3 
Mate rial 
Polyphenyl ethers 
Mineral oils 
Dimethyl silicones 
Methyl phenyl silicones 
Chlorinated silicones 
Dibasic acid esters 
Silicate and disiloxane esters 
Phenolic (filled) 
Po lye s t e r 
Polytetrafluoroethylene (teflon) 
1ooox108 
500 
1 
100 
50 
500 
100 
300 
90 
0.02 
TABLE II. - LOSS RATES 
THROUGH SIMPLE 
ORIFICES~ 
[Molecular flow of air at 25' C. 3 
Orifice radius, 
cm 
0.1 
. 2  
.5 
1.0 
2.0 
5.0 
Loss rate, 
liters/sec 
0.367 
1.466 
9.166 
36.66 
146.6 
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Figure 1. - Pressure as a function of altitude (ref. 1). 
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Figure 2. - Time required to form 
hypothetical 1-angstrom-thick 
f i lm of FeO on i ron  (ref. 3). 
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F igur t  3. - Evaporation rates for various metals in vacuum. Pressure, 
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Figurf 4. - Evaporation data for promising oi ls at 60" to 71" C and 
10- to r r  (ref. 12). 
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Figure 5. - Evaporation rate of chlorophenyl silicone oil and 
chlorophenyl silicone oi l  - l i t h ium soap grease at lop6 tor r  
over a range of temperatures (ref. 14). 
I w 
2a 
24 
20 
c s 
,- 16 
E 
u 
. k  
VI 
0 -
m .- 
t 1 2 -  
al 
v) m a3 
& 
- 
- 
- 
- 
a -  
4 -  
t 
Pentaerythritol ester - 
substituted aryl urea 
Silicone-diester blend - 
l i t h ium soap 
Phenylmethylpolysiloxane - 
,-High aromatic petroleum - 
I I 1 I I I I I I 
0 20 40 60 80 100 120 140 160 
Time, hr 
Figure 6. - Evaporati n results for low speed grease tests at 45" to  48" C. Size 37 (7  mm bore) 
brgs.; 60 rpm; 10- 8 t o r r  (ref. 121. 
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Figure 7. - Evaporation results for greases at 121" C. 
R-4 bearings ( .35 mm bore); 200 gm axial load; 
1800 rpm; 10- P torr (ref. 121. 
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Figure 8. - Evaporation results for silicone-diester blend, l i t h ium 
soap grease. R-4 bearing; 200 gm axial load; 1800 rpm; 
48 hour  test (ref. 12). 
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